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Edited by Ulf-Ingo Flu¨ggeAbstract A one-pot system for eﬃcient enzymatic synthesis of
curcumin glucosides is described. The method couples the activ-
ities of two recombinant enzymes, UDP-glucose: curcumin glu-
cosyltransferase from Catharanthus roseus (CaUGT2) and
sucrose synthase from Arabidopsis thaliana (AtSUS1). UDP, a
product inhibitor of UDP-glucosyltransferase, was removed
from the system and used for regeneration of UDP-glucose by
the second enzyme, AtSUS1. The productivity was increased sev-
eral-fold and UDP-glucose initially added to the reaction mix-
ture could be reduced to one-tenth of the normal level. The
concept of enhancing glucosylation eﬃciency by coupling a
UDP-glucose regeneration system with glucosyltransferases
should be applicable to enzymatic production of a wide range
of glucosides.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Glycosyl conjugation of lipophilic low molecular weight
compounds is an eﬃcient tool to enhance water solubility, to
improve stability, and thereby to increase bioavailability and
modify biological activity. Chemical synthesis of glycosides is
usually diﬃcult because it involves multiple blocking/deblock-
ing steps before any product can be obtained. Enzymatic
glycosylation oﬀers several advantages over chemical methods,
including (1) avoiding use of harsh conditions and toxic cata-
lysts, (2) providing strict control of regio- and stereo-selectivity
and (3) high eﬃciency [1].
One of the unique features of plant secondary metabolism is
the capability to produce and accumulate structurally diverse
glycosides. Application of plant cell cultures for glycosylation
of exogenously supplied compounds has been extensively stud-
ied since Pilgrim [2] described glucosylation of xenobiotic
phenolics in plant tissue cultures. In some cases, the glycosyl-
ation potential of cultured plant cells can be very high, as
exempliﬁed by eﬃcient glucosylation of salicylic acid in Mallo-
tus japonica suspension cultures [3]. However, plant cells usu-*Corresponding author. Fax: +81 52 836 3415.
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doi:10.1016/j.febslet.2007.04.074ally accumulate glycosidic products in their vacuoles, which
necessitates additional extraction and isolation steps in order
to obtain pure products.
Family 1 glycosyltransferases (GTases) of higher plants
transfer sugars to hydrophobic small molecules from activated
sugar donors, typically UDP-sugars. GTases can recognize a
wide range of acceptor substrates, including hormones, sec-
ondary metabolites and xenobiotics, and can therefore be used
as general biocatalysts in glycoside synthesis [4]. Recombinant
technologies have recently made it possible to exploit this
capacity of plant GTases without the necessity of directly
involving plant cells, and this increased interest means that a
large number of GTase cDNAs have now been cloned and het-
erologously expressed [5]. Although enzymatic glycosylation
using recombinant GTases has been shown to be eﬃcient,
the process still requires that activated sugar donors (in most
cases UDP-sugars) be supplied in the reaction mix. These are
usually expensive and diﬃcult to obtain in large quantities.
Furthermore, UDP, one of the products of the enzymatic
glycosylation reaction, is a potent inhibitor of GTase activity.
As a result, the glycosylation reaction rate gradually declines
as UDP accumulates in the reaction mixture.
To alleviate these problems, in vivo systems using microbial
cells expressing heterologous GTases have been explored as
shown for the synthesis of quercetin glucosides in Escherichia
coli [6] and human sugar chains in yeast [7]. However, to apply
the whole-cell biocatalysis system the acceptor molecules
should be permeable through cellular membranes and less
toxic to the cells. Furthermore, extra steps to extract and sep-
arate the product from cellular metabolites will be generally
required. Several methods have been reported for in vitro pro-
duction of UDP-sugars [8], extending back to the ﬁrst synthe-
sis of UDP-glucose from UTP and glucose-1-phospahte with
an enzyme preparation from yeast [9]. Enzymatic methods that
allow in situ regeneration of UDP-sugars are quite attractive
because this strategy not only reduces the cost of supplying
the UDP-sugar substrate, but also avoids product inhibition
by UDP [10]. However, combining such an in situ system for
regeneration of UDP-sugar with glucosyl transfer by GTases
has not been investigated for preparative in vitro glycosylation
of lipophilic small molecules by plant GTases.
Curcumin (diferuloylmethane, 1) is a water-insoluble yellow
pigment of termeric (the dried rhizome of Curcuma longa).
Curcumin has been used primarily as a food colorant, but is
potentially also a neutraceutical because of its interesting phar-
maceutical properties, including anti-oxidative, anti-inﬂamma-
tory, anti-angiogenesis and anti-tumor activities [11,12]. Weblished by Elsevier B.V. All rights reserved.
Fig. 1. A stepwise glucosylation of curcumin (1) to curcumin
monoglucoside (2) and curcumin diglucoside (3) catalyzed by
CaUGT2.
Fig. 2. General concept of the present one-pot two-enzyme system for
eﬃcient synthesis of glucosides from lipophilic small molecules.
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cultures actively convert curcumin to a series of glucosides,
enhancing its water solubility by 2 · 107 [13]. Furthermore,
we cloned a glucosyltrasferase (CaUGT2) catalyzing glucosy-
lation of curcumin from C. roses cells [14]. The recombinant
glucosyltrasferase converted curcumin to curcumin mono-
glucoside (2) and curcumin diglucoside (3), as shown in Fig. 1.
Here we describe a novel one-pot two-enzyme system for
eﬃcient production of curcumin glucosides in which glucosyl
transfer from UDP-glucose to curcumin catalyzed by the re-
combinant CaUGT2 is coupled with removal of UDP and
regeneration of UDP-glucose catalyzed by a recombinant Ara-
bidopsis sucrose synthase (AtSUS1). We also show that this
strategy is applicable to glucosylation of a wide array of accep-
tor molecules by various plant GTases utilizing UDP-glucose
as a sugar donor. A diagram outlining this system is shown
in Fig. 2.2. Materials and methods
2.1. Glucosyltransferases
CaUGT2 cDNA previously isolated in our laboratory was sub-
cloned into pQE30 (Qiagen) to create an N-terminal fusion protein
with a His6-tag. A cDNA clone of ﬂavonoid 7-O-glucosyltransferasefrom Scutellaria biacalensis (F7GT) [15] was also subcloned into
pQE30. The recombinant expression vectors were transformed into
E. coli JM109.2.2. Cloning of AtSUS1 cDNA
The open reading frame of AtSUS1 was PCR-ampliﬁed with KOD-
Plus DNA polymerase (Toyobo) using the ﬁrst strand cDNAs pre-
pared from young plants of Arabidopsis thaliana (ecotype Columbia)
and gene-speciﬁc primers AtSUS1-FW, 5 0-GGTACCATGGCAAAC-
GCTGAACGTATG-3 0, and AtSUS1-RV, 5 0-CTGCAGTCAATCA-
TCTTGTGCAAGAGGAA-3 0. The primer sequences included appro-
priate restriction sites (underlined). The PCR product was cloned into
pCR 2.1-TOPO vector (Invitrogen) and sequenced to ensure that no
mutation had occurred during their construction. The coding region
of AtSUS1 cDNA was subcloned into the expression vector pQE30
(Qiagen) to create an N-terminal fusion protein with a His6-tag and
transformed into E. coli JM109.2.3. Expression and puriﬁcation of the recombinant CaUGT2, F7GT and
AtSUS1
The transformed bacteria were cultured at 30 C in Luria-Bertani
medium containing 50 lg/ml carbenicillin for a day and then harvested
by centrifugation and stored at 80 C until use.
Crude enzyme was obtained by sonicating the cell pellet in 50 mM
sodium phosphate buﬀer (pH 8.0) containing 300 mM NaCl and
10 mM imidazole. The recombinant protein was aﬃnity-puriﬁed with
Ni-NTA agarose (Qiagen) according to the manufacturer’s instruc-
tions. The protein concentration was determined by the Bradford
method with bovine serum albumin as a standard [16].2.4. Assay of sucrose synthase activity
Sucrose synthase activity was measured as described by Uggla et al.
[17]. Brieﬂy, the recombinant AtSUS1 (0.07–0.42 lg) was incubated
with 0.3 M sucrose and 10 mM UDP in 1 ml 100 mM Tris–HCl
buﬀer (pH 7.5) at 30 C, and the reaction was terminated by heating
the reaction mixture in a boiling water bath for 1 min. The appropri-
ate amount of the supernatant was then incubated with 10 mM
NAD and 100 lg UDP-glucose dehydrogenase (Sigma) in a total
volume of 800 ll 100 mM Tris–HCl buﬀer (pH 8.7) at 30 C
and NADH formation was monitored spectrophotometrically at
340 nm.2.5. Assay of UDP-glucose:curcumin glucosyltransferase activity of
CaUGT2
Curcumin glucosyltransferase activity was assayed with a reaction
mixture containing 0.3 M sucrose, 0.5 mM curcumin (dissolved in
DMSO), 5 mM UDP-glucose and appropriate amounts of the
recombinant CaUGT2 in 100 ll 50 mM Tris–HCl buﬀer (pH 7.5)
with or without appropriate amounts of the recombinant
AtSUS1. The mixture was incubated at 30 C and the reaction was
terminated by adding 200 ll methanol. After centrifugation at
12000 · g for 10 min, the supernatant was subjected to HPLC analy-
sis for estimation of curcumin glucosides as described previously
[13].2.6. Assay of UDP-glucose: apigenin glucosyltransferase activity of
F7GT
Apigenin glucosyltransferase activity was determined with a reaction
mixture containing 0.3 M sucrose, 0.5 mM apigenin (Sigma), 5 mM
UDP-glucose and 2.2 lg F7GT in 100 ll 50 mM Tris–HCl buﬀer
(pH 7.5) with or without 3.9 lg AtSUS1. The mixture was incubated
at 30 C and the reaction was terminated by addition of 200 ll meth-
anol. After centrifugation at 12000 · g for 10 min, the reaction prod-
ucts were analyzed by HPLC. HPLC analysis was performed on a
reversed phase column (COSMOSIL 5C18-ARII, Nacalai Tesque)
and the eluates were monitored by a photodiode array detector. The
solvent conditions were as follows (ﬂow rate, 1 ml/min): 0–26 min,
15–52% acetonitrile; 26–29 min, 52–100% acetonitrile; 29–33 min,
100% acetonitrile. A standard sample of apigenin 7-O-glucoside was
purchased from Funakoshi, Co.
Table 1
Eﬀect of enzyme concentration on product yields in curcumin
glucosylation
Entry number CaUGT2 (pmol) AtSUS1 (pmol) Curcumin
diglucoside
(nmol)
1 0.1 0 1.1
2 0.1 0.05 2.3
3 0.1 0.1 3.0
4 0.1 0.2 3.3
5 0.1 0.3 3.8
6 0.1 0.5 3.7
7 0.05 0.1 0.8
8 0.2 0.1 10.2
9 0.3 0.1 14.8
10 0.5 0.1 19.4
CaUGT2 and AtSUS1 were incubated with 50 nmol curcumin,
500 nmol UDP-glucose and 30 lmol sucrose in 100 ll 100 mM Tris–
HCl buﬀer (pH 7.5) at 30 C for 60 min.
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3.1. Cloning and heterologous expression of A. thaliana sucrose
synthase 1 (AtSUS1)
Sucrose synthase (SUS; E.C. 2.4.2.13.) is capable of catalyz-
ing both synthesis and cleavage of sucrose. Although the reac-
tion is reversible, its biological function has been considered to
be synthesis of nucleotide diphosphate derivatives of glucose in
the presence of higher concentrations of sucrose [18]. SUS is
found at high levels in all plant tissues, but especially in sink
tissues. SUS genes have been isolated and characterized from
various plant species including rice [19], and A. thaliana [20].
The release of the complete genome sequence of Arabidopsis
revealed the largest SUS family described to date, comprising
six distinct members designated AtSUS1–AtSUS6 [21].
The coding region of AtSUS1 cDNA was cloned from A.
thaliana by RT-PCR using primers based on the genomic se-
quence, and expressed in E. coli as a His6-fusion protein. High
level expression was achieved and the recombinant enzyme,
which was recovered in soluble fraction of the cells, could be
eﬃciently puriﬁed by aﬃnity chromatography using nickel-
nitrilotriacetic acid (Ni-NTA)-agarose resin.
The fusion protein catalyzed formation of UDP-glucose
from sucrose and UDP in a time- and protein concentration-
dependent manner with Km values of 53 mM and 1.2 mM for
sucrose and UDP, respectively. These results conﬁrmed that
the recombinant AtSUS1 fusion protein is functionally active
as a sucrose synthase.
3.2. Enzymatic synthesis of curcumin glucosides with CaUGT2
and AtSUS1
CaUGT2 catalyzes glucosyl transfer from UDP-glucose to
both of the two phenolic hydroxyl groups of curcumin (1) to
yield its monoglucoside (2) and diglucoside (3). When 1 was
incubated with UDP-glucose and recombinant CaUGT2, 2
initially accumulated, followed by a slower accumulation of
3. After 2 h incubation, about 20% of the initial curcumin
was converted to a mixture of the two glucosides (Fig. 3A).
In sharp contrast to this pattern, when AtSUS1 and sucrose
were included in the glycosylation reaction mixture, 3 was rap-Fig. 3. Glucosylation of curcumin catalyzed by CaUGT2 with or without At
0.1 ml 50 mM Tris–HCl buﬀer (pH 7.5) containing (A) 0.3 M sucrose, 0.5
50 mM Tris–HCl buﬀer (pH 7.5) and (B) 0.5 mM curcumin, 5 mMUDP-gluc
curcumin monoglucoside (2); open circles, curcumin diglucoside (3). (C) Rea
AtSUS1 (right).idly accumulated, and after 60 min incubation, neither 1 nor 2
could be detected in the reaction mixture (Fig. 3B). The dra-
matic eﬀect of incorporating sucrose synthase into the glucosy-
lation reaction mixture is clearly seen in Fig. 3C. In the absence
of AtSUS1, 1 remained visible as an insoluble suspension in
the reaction mixture after 60 min (Fig. 3C, left) whereas it
was completely converted to water-soluble 3 when the reaction
was supplemented with AtSUS1 (Fig. 3C, right). While the
reaction eﬃciency was strikingly enhanced with addition of At-
SUS1 and sucrose, the overall glucosylation yield only reached
about 55% conversion in 2 h. However, this seems to be due to
the instability of 1 in the reaction buﬀer since no 1 could be de-
tected in the glycosylation reaction mixture after 60 min incu-
bation.
The eﬀects of manipulating the concentrations of the reac-
tion components on glucosylation yields were also examined
(Table 1). The yield of 3, a ﬁnal product of curcumin glucosy-
lation, was slightly increased when the AtSUS1 concentration
was raised from 0.5 pmol/ml to 5 pmol/ml without changing
the amount of CaUGT2 (1 pmol/ml), while it was increased
approximately 20-fold when the CaUGT2 concentration wasSUS1. Assays were carried out at 30 C for 0, 10 30, 60 and 120 min in
mM curcumin, 5 mM UDP-glucose and 20 lg CaUGT2 in 100 ll of
ose 0.3 M sucrose and 20 lg CaUGT2 and 4 lg AtSUS1. Closed circles,
ction mixtures after 60 min incubation without AtSUS1 (left) and with
Fig. 4. Eﬀect of UDP-glucose concentration on glucoside formation
from curcumin by CaUGT2 with or without AtSUS1. Assays were
performed at 30 C for 60 min in 0.1 ml 50 mM Tris–HCl buﬀer (pH
7.5) containing 0.5 mM curcumin, 0.2–2 mM UDP-glucose 0.3 M
sucrose and 5 lg CaUGT2 with or without 2.5 lg AtSUS1. Open
rectangles, curcumin monoglucoside (2); dotted rectangles, curcumin
diglucoside (3).
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SUS1 (1 pmol/ml). This indicates that glucosyl transfer cata-
lyzed by CaUGT2 is the rate-limiting step in the present
system.
The yield of curcumin glucosides increased in an UDP-glu-
cose concentration-dependent manner up to 2 mM UDP-glu-Fig. 5. Time course of changes in glucosylation of apigenin catalyzed by the
120 min using 2.2 lg F7GT with or without AtSUS1 (4 lg). The elution was m
at 340 nm is shown here. Peak identiﬁcation was carried out by comparing R
the second glucosylation product tentatively identiﬁed as apigenin 7,4 0-O-digcose when the glucosylation reaction was conducted without
added AtSUS1 (Fig. 4). The ratio of 3 to the total glucosides
was elevated from 0.12 at 0.2 mM UDP-glucose to 0.33 at
2 mM UDP-glucose, indicating a gradual increase in glucosy-
lation eﬃciency. With addition of AtSUS1, glucoside forma-
tion increased in an UDP-glucose concentration-dependent
manner up to 1 mM UDP-glucose, and then plateaued, pre-
sumably due to the resulting lack of 1 in the reaction mixture.
The ratio of the 3 to total glucosides also drastically increased,
from 0.52 at 0.2 mM UDP-glucose to 0.92 at 1 mM UDP-glu-
cose. The ﬁnal amount of glucosides formed in a reaction mix-
ture including 0.2 mM UDP-glucose plus AtSUS1 and sucrose
was similar to that produced at 2 mM UDP-glucose without
AtSUS1. In eﬀect, addition of recombinant AtSUS1 to the
reaction mixture allowed the initial concentration of UDP-glu-
cose substrate to be reduced to one-tenth of that required in
the absence of AtSUS1. Furthermore, from AtSUS1-supple-
mented incubations supplied with 0.2 mM UDP-glucose,
0.7 mM 2 and 0.8 mM 3 were produced. Since 3 contains
two molecules of glucose, 0.23 mM glucose had been converted
into glucosides from an initial supply of 0.2 mM UDP-glucose,
conﬁrming that UDP-glucose was actively being regenerated
for utilization as a glucose donor.
3.3. Application of the one-pot two-enzyme system to
glucosylation of apigenin
In order to conﬁrm that the present one-pot two-enzyme sys-
tem linking UDP-glucose regeneration with plant GTases is
generally applicable to enzymatic glucosylation of lipophilic
small molecules, we also examined glucosylation of a ﬂavone,
apigenin, by a recombinant ﬂavonoid 7-O-glucosyltransferase
from S. baicalensis (F7GT). F7GT was earlier cloned as arecombinant F7GT. Apigenin was incubated at 30 C for 30, 60 and
onitored using a photodiode array detector and the proﬁle monitored
t and UV spectrum with those of standard samples. An arrow indicates
lucoside.
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baicalein 7-O-glucoside, but it had been shown to exhibit wide
substrate speciﬁcity towards other ﬂavonoids [15]. As shown in
Fig. 5, production of apigenin 7-O-glucoside catalyzed by re-
combinant F7GT was also drastically enhanced by inclusion
of AtSUS1 in the reaction mixture. After 30 min incubation,
apigenin had been completely converted to apigenin 7-O-glu-
coside when AtSUS1 was included in the assay mixture
whereas about 50% of the acceptor substrate remained unglu-
cosylated when no AtSUS1 was added. Prolonged incubation
of apigenin with F7GT plus AtSUS1 yielded a second product
peak with Rt of 4.7 min. This peak was further increased when
the mixture was incubated for an additional 60 min (data not
shown). The second product was tentatively identiﬁed as api-
genin 7, 4 0-O-diglucoside based on the facts that (1) this prod-
uct was formed even after apigenin aglycone was depleted
from the incubation mixture and (2) a phenolic hydroxyl group
at the 5-position of the ﬂavonoid A ring is generally inert as a
glucose acceptor. It is interesting to note that F7GT was orig-
inally characterized as a ﬂavonoid 7-O-glucosyltransferase and
its ability to catalyze glycosylation of the 4 0-hydroxyl group of
the ﬂavonoid B-ring was not recognized [15]. The results ob-
tained with this ﬂavonoid substrate demonstrate that eﬃcient
in vitro production of glucosides using a combination of GTa-
ses and AtSUS1 in a single reaction tube is applicable to glu-
cosylation of a range of substrates. It also appears that
enhancing glucosylation eﬃciency using this coupled system
may uncover new substrate and/or regional speciﬁcity of the
GTases as observed in the case of F7GT.
In conclusion, the one-pot system linking recombinant su-
crose synthase and plant glucosyltransferases provides us with
an eﬃcient method for synthesis of glucosides of lipophilic
small molecules, by removing GTase-inhibiting UDP from
the reaction mixture and at the same time regenerating the rel-
atively costly UDP-glucose substrate. The present system may
be also useful to discover previously undescribed substrate/re-
gion speciﬁcities of plant GTases because the glucosylation po-
tential of the recombinant enzyme is drastically enhanced.
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